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A functional skeletal system requires the coordinated development of many different tissue types, including cartilage,
bones, joints, and tendons. Members of the Bone morphogenetic protein (BMP) family of secreted signaling molecules have
been implicated as endogenous regulators of skeletal development. This is based on their expression during bone and joint
formation, their ability to induce ectopic bone and cartilage, and the skeletal abnormalities present in animals with
mutations in BMP family members. One member of this family, Growth/differentiation factor 5 (GDF5), is encoded by the
mouse brachypodism locus. Mice with mutations in this gene show reductions in the length of bones in the limbs, altered
formation of bones and joints in the sternum, and a reduction in the number of bones in the digits. The expression pattern
of Gdf5 during normal development and the phenotypes seen in mice with single or double mutations in Gdf5 and Bmp5
uggested that Gdf5 has multiple functions in skeletogenesis, including roles in joint and cartilage development. To further
nderstand the function of GDF5 in skeletal development, we assayed the response of developing chick and mouse limbs
o recombinant GDF5 protein. The results from these assays, coupled with an analysis of the development of brachypodism
igits, indicate that GDF5 is necessary and sufficient for both cartilage development and the restriction of joint formation
o the appropriate location. Thus, GDF5 function in the digits demonstrates a link between cartilage development and joint
evelopment and is an important determinant of the pattern of bones and articulations in the digits. © 1999 Academic Press
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fINTRODUCTION
The vertebrate skeleton is a complex organ system func-
tioning in hematopoiesis and mineral ion homeostasis, as
well as providing support, protection, and stability during
motion. It is composed of multiple tissues, including bone
and cartilage, the joints between these elements, and ten-
dons and ligaments. To generate a functionally integrated
skeletal system, the development and differentiation of
these diverse tissues must be precisely coordinated.
Bone develops through two different processes, in-
tramembranous and endochondral bone formation. In both
processes, the first morphological indication of bone devel-
opment is the formation of a mesenchymal condensation.
The processes subsequently differ in that there is an obvi-
ous cartilage intermediate in endochondral but not in
intramembranous bone formation. The majority of the
bones of the limb (with the possible exception of the distal
phalanges) form by the endochondral mechanism (Burkitt
et al., 1993; Cancedda et al., 1995; Reddi, 1981).
Following condensation formation in endochondral bone
evelopment, the cells undergo chondrogenesis. Cells in t
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All rights of reproduction in any form reserved.he interior of the condensation begin to deposit extracel-
ular matrix, grow larger, and hypertrophy. Once the cells
ave hypertrophied, blood vessels invade the matrix and
steoblasts appear. The osteoblasts begin replacing the
artilage matrix with bone, thereby initiating the ossifica-
ion process (Burkitt et al., 1993; Cancedda et al., 1995;
eddi, 1981).
Chondrocyte differentiation and ossification occur in a
recise sequence and pattern: a wave of chondrocyte differ-
ntiation, proliferation, hypertrophy, and ossification ini-
iates in the center of the element and moves toward the
nds. This sequence is well illustrated in the epiphyseal, or
rowth plate, where it provides directional growth to in-
rease the length of the cartilage element. Cartilage ele-
ents also grow by appositional chondrogenesis. During
his process, the perichondrium surrounding the cartilage
lements divides and differentiates, resulting in an increase
n the element’s width (Burkitt et al., 1993).
Bone development and the formation of the articulations
etween skeletal elements occur simultaneously, often
rom the same initial condensation. In the feet, for example,
he metatarsals, proximal, medial, and distal phalanges, and
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12 Storm and Kingsleythe joints between these bones, arise from a single conden-
sation called the digital ray (Dalgleish, 1964). The first
indication of joint development in the digital ray is the
formation of the interzone, a specialized region of higher
cell density within the condensation (Craig et al., 1987;
algleish, 1964; Haines, 1947; Mitrovic, 1978). The inter-
one evolves into the three-layered interzone consisting of
wo regions of higher cell density sandwiching a region of
ower cell density. The cells in the region of lower cell
ensity progressively disappear (possibly by programmed
ell death and alterations in cell adhesion properties),
hereby forming the joint cavity. The two regions of higher
ell density are thought to differentiate into the articular
artilage covering the articulating surfaces of the adjacent
ones. The joint capsule (including ligaments and synovial
ining) and tendons develop from condensations located
aterally to the digital ray (Mitrovic, 1978). Therefore, the
ntegration of endochondral ossification and joint develop-
ent in the digits results in a functional synovial articula-
ion: two bones whose articular surfaces are covered with
rticular cartilage, separated by a synovial fluid-filled joint
avity and connected by the joint capsule.
In recent years, numerous regulators of skeletal growth
nd patterning have been identified (Amizuka et al., 1994;
Hogan, 1996; Karaplis et al., 1994; Kingsley, 1994b; Otto et
al., 1997; Vortkamp et al., 1996; Weir et al., 1996). These
regulators include members of the Bone morphogenetic
protein (BMP) family. BMPs were initially isolated based on
their remarkable ability to induce cartilage and bone forma-
tion at ectopic sites in rats (Reddi and Huggins, 1972; Urist,
1965). Subsequently, many additional BMPs have been
identified based on sequence homology. The BMPs form a
subfamily of related proteins within the TGFb superfamily
of secreted signaling molecules and are thought to act as
homodimers or heterodimers (Kingsley, 1994a). Based on
expression, loss-of-function, and gain-of-function data, the
BMPs have been implicated in many different processes,
including early embryogenesis, mesodermal patterning, or-
ganogenesis, male fertility, and programmed cell death
(Dosch et al., 1997; Ekanayake and Hall, 1997; Gan˜an et al.,
1996; Graham et al., 1994; Hogan, 1996; Kingsley, 1994b;
Mishina et al., 1995; Tonegawa et al., 1997; Vainio et al.,
1993; Yokouchi et al., 1996; Zhang and Bradley, 1996; Zhao
et al., 1996a; Zhao and Hogan, 1996b; Zou and Niswander,
1996). In addition, there is strong evidence that BMPs
function as endogenous regulators of skeletal development
and patterning (Francis-West et al., 1996; Hogan, 1996;
Kingsley, 1994b; Macias et al., 1997; Monsoro-Burq et al.,
1996; Storm et al., 1994; Storm and Kingsley, 1996; Zou et
al., 1997).
Growth/differentiation factor 5 (GDF5), also known as
Cartilage-derived morphogenetic protein1 (CDMP1; Chang
et al., 1994), belongs to a new subgroup of the BMP family
which includes the products of the closely related genes
Gdf6 (also called CDMP2 and Bmp13; Chang et al., 1994;
Wolfman et al., 1997) and Gdf7 (also called Bmp12; Wolf-
man et al., 1997) (Storm et al., 1994). Mutations in Gdf5 are
Copyright © 1999 by Academic Press. All rightresponsible for the skeletal abnormalities observed in the
classical mouse mutation, brachypodism (bp; Storm et al.,
1994). These skeletal abnormalities include a decrease in
the length of the long bones of the limbs, abnormal joint
development in the limb and sternum, and a reduction in
the number of bones in digits 2 through 5 (Gru¨neberg and
Lee, 1973; Landauer, 1952; Storm and Kingsley, 1996).
Mutations in Gdf5 (CDMP1) have also been identified in
association with several human skeletal dysplasias (Polin-
kovsky et al., 1997; Thomas et al., 1996, 1997), indicating
that Gdf5 is an important regulator of skeletal development
in both mice and humans.
Based on Gdf5 expression and the phenotypes observed in
bp and Gdf5/Bmp5 double-mutant mice, we recently pro-
posed that GDF5 has multiple functions in skeletogenesis
(Storm and Kingsley, 1996). These functions include the
regulation of joint development in the limb and sternum
and cartilage development in the sternum. To further
investigate the functions of GDF5 in skeletal development,
we examined the response of developing digits to an exog-
enous source of GDF5 protein. We found that GDF5 is able
to stimulate cartilage development and differentiation and
inhibit the expression of markers associated with joint
development (including itself). The response is complemen-
tary to the effects we observed in the development of bp
mutant digits, which include a regional failure of cartilage
formation and an expansion in the expression of markers
associated with joint development. These results demon-
strate that GDF5 is necessary and sufficient for region-
specific cartilage development and the restriction of joint
development to the appropriate location in the digits of
mice.
MATERIALS AND METHODS
Beads
One hundred microliters of Affi-Gel Blue agarose beads (100–200
mesh, 75–150 mm in diameter; Bio-Rad) was washed in siliconized
ppendorf tubes, six times for 5 min in 1 ml PBS (Gibco BRL). Ten
icroliters of either 0.1% BSA or 5–500 mg/ml recombinant human
DF5 (Genetics Institute)/0.1% BSA was added to approximately
00 beads. The beads were incubated in protein solution at room
emperature for 10 min followed by overnight at 4°C. Beads were
tored in protein solutions at 4°C for no more than 1 week.
Chicken Cultures
Shell-less chicken cultures. Shell-less chicken cultures were
made essentially following the protocol of Auerbach et al. (1974).
Fertilized chick eggs (Golden Eggs) were incubated for 72 h in a
KUHL incubator, according to the manufacturer’s recommenda-
tions. The eggs were then cracked into 100-mm tissue culture
dishes (Corning) such that the embryos were laying upright in the
center of the yolk. Seven milliliters of BGJb medium (Gibco BRL),
supplemented with 13 antibiotic/antimycotic (Gibco BRL) was
added to the dish. The petri dishes were incubated within a
150-mm petri dish (Falcon) containing sterile water in a 37°C, 5%
CO2 tissue culture incubator.
s of reproduction in any form reserved.
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13GDF5 in Bone and Joint FormationBead implantation. Prior to implantation, the protein-soaked
beads were washed briefly in 10 ml PBS. Limbs from embryos of the
desired ages were accessed through the embryonic membranes. The
washed beads were then implanted into the chosen locations using
a pulled Pasteur pipette. After implantation, the limb was replaced
within the membranes, and the culture was returned to the
incubator for 2 days.
Skeletal analysis. Chicken limbs with implanted beads were
dissected and fixed in 4% paraformaldehyde/PBS for 4 h at 4°C. The
fixed limbs were washed in PBS for 30 min, followed by 30-min
washes at room temperature in 0.85% sodium chloride (saline) and
30, 50, 70, and 95% ethanol/saline. The limbs were stained in
Alcian blue solution (76% ethanol, 10% acetic acid, 4% saline,
0.015% Alcian blue 8GX [Sigma]) overnight. Following overnight
staining, the limbs were washed in 95% ethanol/saline for 30 min,
cleared in 1% potassium hydroxide/saline, photographed, and
washed for 30 min in saline, followed by 30-min washes in 30, 50,
and 70% ethanol/saline. The limbs were stored at 4°C in 70%
ethanol/saline until future use.
Mouse Limb Organ Culture
Mouse maintenance. The bp3J allele occurred spontaneously on
he inbred Balbc/J strain background. The allele was maintained by
omozygous intercrosses. For timed matings, noon of the day the
aginal plug was observed was considered E0.5.
Organ culture. Limbs were dissected from E11.5 through E14.5
mbryos in room-temperature PBS (Gibco BRL). Dissected limbs
ere placed on 8-mm Nucleopore polycarbonate filters (Costar)
which were supported on metal rings (80 mesh; Tri-screen) in BGJb
medium (Gibco BRL) supplemented with 13 antibiotic/
antimycotic (Gibco BRL) The limbs were incubated in a tissue
culture incubator at 37°C, 5% CO2. Photographs were taken daily
to monitor development.
Histology
Chicken limbs. Alcian blue-stained chick limbs in 70%
ethanol/saline were dehydrated in 30-min washes of 85 and 95%
ethanol/saline, followed by three 10-min washes in 100% ethanol.
The limbs were cleared, embedded, sectioned, and stained as
previously described (Storm and Kingsley, 1996).
Mouse limbs. Mouse limbs were embedded in wax, sectioned,
and stained as previously described (Storm and Kingsley, 1996).
In Situ Hybridization
The Gdf5 probe has been described previously (Storm and
Kingsley, 1996). The CollagenII probe consists of a 405-bp portion
f the 39 untranslated region of the mouse Cola1(II) gene (gift from
Bjorn Olsen). The Gli3 probe (gift from Alexandra Joyner) consists
of an 800-bp fragment of the Gli3 cDNA including the zinc finger
domain. The Ihh probe (gift from Andrew McMahon) consists of a
1.8-kb Ihh cDNA. The Egr1 probe (gift from Vikas P. Sukhatme)
consists of a 300-bp fragment of the 700-bp Msp fragment of Egr1.
Digoxigenin-labeled probe preparation, freezing, sectioning, and
hybridization were performed as described (Storm and Kingsley,
1996). f
Copyright © 1999 by Academic Press. All rightRESULTS
Exogenous GDF5 Protein Stimulates Cartilage
Differentiation and Interferes with Joint
Development in the Embryonic Chick Limb
A prominent domain of Gdf5 expression in the embry-
onic chick and mouse limb is in the developing joints
(Storm et al., 1996; Richard Clark, Charlie Whitfield, and
David Kingsley, unpublished observations). To examine the
function of GDF5 more closely, we examined the response
of developing chick limbs to an exogenous source of GDF5.
Affi-Gel Blue agarose beads were soaked in either BSA-
containing solutions (control) or GDF5-containing solu-
tions and were then implanted into the interdigital region
of stage 28–30 HH (Hamburger and Hamilton, 1951) chick
wings. The stage and location of bead implantation were
chosen to approximate the stage and location at which the
most severe phenotype in Gdf5 mutant limbs becomes
apparent. After bead implantation, the chicks were allowed
to develop for 2 additional days in culture and were then
examined for the response to GDF5 protein.
When beads soaked in 0.1% BSA were implanted in the
interdigital region of stage 28–30 chick wings, no effect on
skeletal development was observed (0/15, Figs. 1A and 1B
and Table 1). In contrast, a highly consistent effect was
observed when beads soaked in GDF5/0.1% BSA were
implanted. Exposure of digits to GDF5 protein at stages
28–30 stimulated cartilage growth, often resulting in local
fusion (syndactylism) in the area of the bead (Fig. 1C, Table
1). Rather than inducing the interdigital mesenchyme to
differentiate into cartilage, GDF5 appeared to stimulate
growth of the existing adjacent cartilage. Figure 1D shows a
hematoxylin and eosin-stained GDF5 bead-implanted chick
limb in which the adjacent cartilages have grown toward
the bead and share a common perichondrium. Examples in
which the adjacent cartilages retain their own perichon-
drium, and in which they completely fuse with no evidence
of a perichondrium, were also observed (data not shown).
Stimulation of cartilage growth in response to GDF5 was
consistently observed when beads were soaked in 25–200
mg/ml protein solution (Table 1). Cartilage growth was also
observed when beads were soaked in 5 mg/ml GDF5, al-
though at reduced frequency (data not shown). When 2.5
mg/ml GDF5 was used, no cartilage growth response was
observed (data not shown).
In addition to stimulating cartilage growth, GDF5 also
appeared to stimulate differentiation. Histological exami-
nation of limbs implanted with GDF5 beads indicated that
the cartilage cells in a halo around the bead were more
mature (larger cells with more matrix) than the cartilage
cells located more proximally and distally (Fig. 1D). Thus,
beads soaked in 5–200 mg/ml protein stimulate adjacent
artilage growth as well as cartilage differentiation near the
ite of bead implantation.
A second phenotype observed when GDF5 beads were
mplanted near the metacarpophalangeal joint was an inter-
erence with joint development (Figs. 1E and 1F). Ectopic
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightcartilage development within the joint was observed when
beads soaked in 5–200 mg/ml GDF5 were implanted (Table
, and data not shown). Thus, at the concentrations and
tages of chick limb development examined, GDF5 induced
rowth of adjacent cartilage, stimulated cartilage differen-
iation, and interfered with metacarpophalangeal joint de-
elopment.
Exogenous GDF5 Protein Transiently Stimulates
Cartilage Development in the Embryonic Mouse
Limb
To test whether GDF5 beads implanted into mouse limbs
elicited the same response as in chick wings, we dissected
embryonic mouse limbs between E12.5 and E14.5 and im-
planted beads soaked in either 0.1% BSA or 25 mg/ml GDF5
into the midinterdigital region. After manipulation, limbs
were allowed to continue development in organ culture.
When E12.5 hindlimbs were implanted with GDF5 beads,
there was an obvious cartilage development response after 2
days in culture (Figs. 2B and 2F). This was a very consistent
response; 15/15 E12.5 hindlimbs responded to GDF5 by in-
ducing cartilage development around the bead (Table 2). As
share a perichondrium (pc). Note that the cartilage cells closest to
the bead are more mature than the cartilage cells farther away. (E)
Alcian blue-stained wing with a GDF5 bead implanted near the
metacarpophalangeal joint (arrow). GDF5 caused fusion of the
metacarpal and the proximal phalanx. (F) Hematoxylin and eosin-
stained section from limb shown in (E) illustrating the disruption
TABLE 1
Response of Chick Wings to GDF5 Protein
Protein
(concentration) Cartilagea
Local
syndactylismb
Joint
abnormalitiesc
BSA
(0.1%) 0/15 0 0
GDF5
(200 mg/ml) 5/5 5
(100 mg/ml) 13/13 6 2
(50 mg/ml) 10/13 4 4
(25 mg/ml) 9/11 5 5
Note. Stage 28–30 chick wings were implanted with either
ontrol (BSA)-coated beads or GDF5-coated beads at varying con-
entrations.
a Number of limbs exhibiting stimulation of cartilage develop-
ment/number of limbs implanted with beads.
b Number of limbs in which the cartilage development resulted
n local syndactylism.
c Number of limbs in which a disruption in joint development
was observed. This phenotype was observed only when the bead
was implanted near the presumptive joint region.FIG. 1. GDF5 stimulates cartilage development and inhibits joint
development in the chick limb. Stage 28–30 chick wings were
implanted with beads soaked in GDF5. Locations of beads are
denoted by (*). (A) Alcian blue-stained chick wing implanted with
a BSA bead. BSA did not stimulate cartilage development. mc,
metacarpal; p1, proximal phalanx; p2, medial phalanx. (B) Hema-
toxylin and eosin-stained section from limb shown in (A). BSA does
not stimulate cartilage development or inhibit joint development.
(C) Alcian blue-stained chick wing implanted with a GDF5 bead.
GDF5 stimulated cartilage development and resulted in local
syndactylism between digits III and IV. (D) An example of a
hematoxylin and eosin-stained section of a limb implanted with ain metacarpophalangeal joint development. Compare to (B).
s of reproduction in any form reserved.
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16 Storm and Kingsleypreviously observed, BSA-soaked beads did not stimulate a
cartilage development response (Figs. 2A and 2E and Table 2).
Interestingly, unlike the interdigital mesenchyme of stage
28–30 chick limbs which did not appear to differentiate into
cartilage (Fig. 1D), the interdigital mesenchyme of murine
E12.5 hindlimbs did respond to GDF5 by stimulating cartilage
development. This was evident as a halo of cartilage induced
around the implanted bead (Fig. 2F).
To further examine cartilage induction in response to
GDF5, molecular marker expression was examined follow-
ing bead implantation. Consistent with the morphological
appearance of cartilage 2 days following bead implantation,
the cartilage differentiation marker, CollagenII (Craig et al.,
1987; Sandell, 1994), was expressed in a broad halo around
the bead (Figs. 2J and 2M, and data not shown). The
induction of CollagenII expression was already apparent 1
ay following bead implantation (Fig. 2K).
Indian hedgehog (Ihh) is an extracellular protein thought
o be involved in regulating cartilage differentiation during
ndochondral bone formation (Vortkamp et al., 1996). It is
xpressed in maturing prehypertrophic chondrocytes during
evelopment (Bitgood and McMahon, 1995; Vortkamp et
l., 1996). Figure 2O shows that as early as 1 day following
xposure to GDF5, Ihh expression is induced in the subset
of the cells in the CollagenII expression domain closest to
the source of exogenous GDF5.
FIG. 2. GDF5 stimulates cartilage development and inhibits the
indlimbs on the day of explant implanted with either a BSA bead (
E) E12.5 limb implanted with a BSA bead. After 2 days in vitro,
mplanted with a GDF5 bead. Cartilage is induced in a halo arou
evelopment. (G) E13.5 limb implanted with a GDF5 bead. Note c
arrow) and not in a halo around the bead. (H) E13.5 limb implante
I) Section from limb in (E) hybridized with a probe to CollagenII. T
he bead. (J) Section from limb in (F) hybridized with probe to Colla
he bead (arrow). (K) Section of E12.5 limb implanted with a GDF
ollagenII induction in a halo of cells closest to the bead is eviden
mplanted with a GDF5 bead and hybridized with a probe to Colla
djacent to the bead and not in the interdigital mesenchyme (arrow
t the metatarsophalangeal joint (arrowhead). (M) Another exampl
robe to CollagenII. There is a large halo of expression around the
compare to arrowhead in adjacent digit). (N) Near adjacent section
he bead (arrow). Compare to expression in the metatarsophalangea
ybridized with a probe to Ihh. Ihh is induced in a subset of cells
djacent section to (L) hybridized with probe to Ihh. Ihh expression
ot in the interdigital mesenchyme. Ectopic expression is also obs
he E12.5 limb implanted with a BSA bead seen in (E) The secti
xpression in the metatarsophalangeal joint (arrowhead). (R) Near
probe for Gdf5. GDF5 protein inhibits the expression of Gdf5 (ar
of an E12.5 GDF5-implanted limb hybridized with a probe to Gdf5. G
(arrow). (T) Near adjacent section to (P, L) E13.5 GDF5-implante
expression (arrow) in the metatarsophalangeal joint, but did not in
(Q, I) E12.5 BSA implanted limb, hybridized with a probe to Gli3. BS
(arrowhead). (V) Near adjacent section to (R, J) E12.5 GDF5-implant
of Gli3 (arrow). (W) Near adjacent section to (S, O, K) E12.5 GDF
GDF5-stimulated downregulation of Gli3 expression is evident fo
GDF5-implanted limb hybridized with a probe to Gli3. The Gli3 p
Gli3 expression in the joint (arrow) is evident. *Location of the bead; a
Copyright © 1999 by Academic Press. All rightThe induction of cartilage in a halo around the GDF5
bead is observed only when beads are implanted into E12.5
hindlimbs, suggesting that this is a transient response. For
example, when GDF5 beads were implanted into E13.5
hindlimbs, either of two responses was observed. In roughly
half of the E13.5 hindlimbs (6/13), there was stimulation of
cartilage differentiation only in the already existing adja-
cent cartilage and not in the interdigital mesenchyme
adjacent to the bead (Figs. 2C and 2G, and Table 2). This is
analogous to the response observed in stage 28–30 chick
wings. In accordance with the morphologic response ob-
served in E13.5 hindlimbs, CollagenII was expressed more
strongly in the existing cartilage cells closest to the bead
(Fig. 2L), but was not induced in the interdigital mesen-
chyme adjacent to the bead. This contrasts with observa-
tions in E12.5 implanted hindlimbs (compare to Fig. 2K).
Ihh was also induced in the cartilage cells adjacent to the
bead and not in the interdigital mesenchyme (Fig. 2P),
suggesting that the interdigital mesenchyme of the hind-
limb loses its competence to differentiate into cartilage in
response to GDF5 between E12.5 and E13.5. The existing
developing cartilage, however, retains the ability to respond
to GDF5 by stimulating growth and differentiation.
In approximately half of the E13.5 hindlimbs, there was
no cartilage growth/differentiation response observed (see
Table 2, and data not shown). The fact that a cartilage
ession of joint markers in mouse limbs. (A, B, C, and D) Mouse
a GDF5 bead (B, C, D). (A and B) E12.5 limb, (C and D) E13.5 limb.
SA bead did not stimulate cartilage development. (F) E12.5 limb
e bead (arrow). Note the disruption in metatarsophalangeal joint
ge development only in the existing cartilage adjacent to the bead
h a GDF5 bead. A cartilage development response is not apparent.
SA bead did not stimulate CollagenII expression in a halo around
I. The GDF5 bead induced CollagenII expression in a halo around
d and hybridized with CollagenII probe, following 1 day in vitro.
r 1 day in culture (arrow). (L) Section of an E13.5 limb seen in (G)
. CollagenII expression is stimulated only in the existing cartilage
te that CollagenII expression near the bead is higher than normal
n E12.5 limb implanted with a GDF5 bead and hybridized with a
(arrow) with no downregulation at the metatarsophalangeal joint
) hybridized with a Gdf5 probe. Gdf5 expression is inhibited near
t of the adjacent digit (arrowhead). (O) Near adjacent section to (K)
est to the GDF5 bead following 1 day in culture (arrow). (P) Near
imulated in the existing cartilage adjacent to the bead (arrow), but
in the metatarsophalangeal joint near the bead. (Q) Section from
as hybridized with a probe to Gdf5. BSA does not inhibit Gdf5
ent section to E12.5, GDF5-implanted limb in (J), hybridized with
in the metatarsophalangeal joint. (S) Near adjacent section to (O)
inhibition of its own expression is evident following 1 day in vitro
b, hybridized with probe to Gdf5. GDF5 protein inhibited Gdf5
the expression in the perichondrium. (U) Near adjacent section to
d not affect the expression of Gli3 at the metatarsophalangeal joint
b hybridized with a probe to Gli3. GDF5 inhibited the expression
planted limb after 1 day in vitro, hybridized with a Gli3 probe.
ing 1 day in culture. (X) Near adjacent section to (T, P, L) E13.5
sticks nonspecifically to the agarose bead, but downregulation ofexpr
A) or
the B
nd th
artila
d wit
he B
genI
5 bea
t afte
genII
). No
e of a
bead
to (M
l join
clos
is st
erved
on w
adjac
row)
DF5
d lim
hibit
A di
ed lim
5 im
llow
roberrowhead, location of the metatarsophalangeal joint.
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17GDF5 in Bone and Joint Formationgrowth/differentiation response was not observed in the
more developmentally advanced E13.5 forelimbs (0/6, Table
2 and data not shown), or in E14.5 limbs (data not shown),
suggests that the existing cartilage may also lose compe-
tence to stimulate cartilage growth and differentiation in
response to exogenous GDF5. Thus, GDF5 is sufficient to
induce cartilage development and differentiation in a stage-
dependent manner.
Exogenous GDF5 Protein Transiently Inhibits Joint
Development in the Embryonic Mouse Limb
In both stage 28–30 chick wings and E12.5 mouse hind-
limbs, exogenous GDF5 protein induced cartilage growth
and differentiation. Likewise, in both chick wings and
E12.5 hindlimbs an interference in metacarpophalangeal
joint development was observed. This is apparent in the
organ culture seen in Fig. 2F but is more obvious when
markers expressed in developing joints are examined.
One of the best and earliest markers for joint develop-
ment is Gdf5 itself. Gdf5 is expressed in almost all of the
eveloping joints of the limb from early stages of interzone
ormation throughout joint cavitation (Fig. 4N; Storm and
ingsley, 1996; Wolfman et al., 1997). We examined the
xpression of Gdf5 in limbs that had been implanted with
DF5 beads and found that it is downregulated in response
o the protein (Figs. 2N and 2R). In some cases, Gdf5
xpression in the joint is completely abolished (Fig. 2N). In
ther less severe examples, Gdf5 is downregulated in the
ells closest to the bead (Fig. 2R). This response was also
bserved 1 day following bead implantation (Fig. 2S), indi-
ating that digits in E12.5 hindlimbs respond quickly to
xogenous GDF5 protein by upregulating CollagenII ex-
TABLE 2
Response of Wild-Type Mouse Limbs to GDF5 Protein
Developmental stage Cartilage response
E12.5 hindlimb
BSA 0/14
GDF5 15/15a
E13.5 hindlimb
BSA 0/8
GDF5 6/13b
E13.5 forelimb
GDF5 0/6
Note. Beads soaked in either control (BSA) or GDF5 protein (25
mg/ml) were implanted into wild-type mouse limbs on different
days of development. The limbs were allowed to continue devel-
opment in organ culture and monitored for responses daily.
a Number of limbs with ectopic cartilage induced in a halo
round the bead following 2 days in culture/number of limbs
mplanted.
b Number of limbs with a stimulation of cartilage differentiation
n already existing cartilage adjacent to the bead/number of limbs
mplanted. No halo of cartilage induction was observed.ression and downregulating Gdf5 expression. b
Copyright © 1999 by Academic Press. All rightA second marker expressed in association with developing
oints is Gli3, one of three known vertebrate homologs of
ubitus interruptus (Ruiz i Altaba, 1997). Although expressed
ore broadly than Gdf5, Gli3 has strong expression domains
n regions of developing joints (Hui and Joyner 1993; Hui et al.,
994; see Fig. 4O). When GDF5 beads are implanted into E12.5
indlimbs, Gli3 expression is also downregulated in the area
f the bead (Fig. 2V), which is also observed following 1 day of
xposure to GDF5 (Fig. 2W).
One day later, two responses were observed after GDF5
ead implantation. In E13.5 hindlimbs in which adjacent
artilage was stimulated to differentiate, interference in
oint development was also apparent (Fig. 2G). This was
ccompanied by downregulation of Gdf5 and Gli3 expres-
sion near the bead (Figs. 2T and 2X). Interestingly, the
downregulation of Gdf5 expression was specific to the joint.
Expression surrounding the metatarsals and phalanges was
unaffected by the bead (Fig. 2T). In limbs in which GDF5
did not stimulate cartilage development, there was also no
alteration in the expression of Gdf5 and Gli3 (data not
shown), indicating that the inhibition of joint development
is a transient response to exogenous GDF5.
By examining the response to an exogenous source of
GDF5 protein in the developing digits, we have observed
that GDF5 is sufficient, in a stage-dependent manner, to
induce both cartilage growth and differentiation and to
inhibit joint development. These responses are accompa-
nied by an upregulation of the cartilage differentiation
markers, CollagenII and Ihh, and downregulation of mark-
ers expressed in developing joints (Gdf5 and Gli3).
GDF5 Is Required for Cartilage Development in
the Digits of Mouse Limbs
It is possible that the response seen to exogenous GDF5
protein is an artifact of the delivery system, the amount
of protein used, or the activation of signaling systems or
receptors that differ from those stimulated by endoge-
nous GDF5. To rule out this possibility, we analyzed
digit development in Gdf5 mutant mice. If the ability of
xogenous GDF5 protein to stimulate cartilage develop-
ent and suppress joint markers mimics normal GDF5
unctions in vivo, we would expect to see complementary
henotypes in mutant digits that lack functional GDF5
rotein (defects in cartilage development and overexpres-
ion of joint markers).
The bones of the digits arise from a single skeletal
ondensation (digital ray) that differentiates progressively
n the distal direction and is sequentially cleaved into the
etatarsals and phalanges by the formation of joints (Dal-
leish, 1964). The digital rays are apparent at E12.5 and
xpress CollagenII more strongly in the developing meta-
arsal region and less strongly distally (Fig. 4A). At this
tage, Ihh is expressed in an interior subset of cells within
he proximal CollagenII expression domain (Fig. 4B). At
13.5, CollagenII expression is strong in the metatarsal and
roximal phalanx regions and weak at the developing joint
etween these elements (Fig. 4E). Ihh is now expressed in
s of reproduction in any form reserved.
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18 Storm and Kingsleythe differentiating cartilage of the proximal phalanx, in
addition to the expression observed in the metatarsal (Fig.
4F). At E14.5, CollagenII is strongly expressed in the
FIG. 3. GDF5 is required for cartilage differentiation in the digi
development in wild-type (A, B, C) and bp (D, E, F) limbs. (A) E14.5
(mc) and proximal phalanges (p1). Note the presence of the joint int
dense mesenchyme surrounding the proximal phalanx (arrowhead).
digit is apparent. Note the presence of three layered interzones in
limb. The metacarpophalangeal joint has an almost completely form
to hypertrophy. (D) E14.5 bp mutant limb. The cartilage of the meta
ot to be differentiating (arrow). Note the continued presence of t
ompare to A). (E) E16.5 bp digit. The cartilage of the metacarpal i
differentiating (arrow), cartilage is beginning to form from outside
the metacarpal is not differentiating (arrow), but appositional-like
the proximal and medial phalanx.differentiating cartilage of the metatarsals and phalanges
Copyright © 1999 by Academic Press. All rightnd is expressed more weakly where the joints are forming
etween these elements (Fig. 4M).
In bp homozygous limbs, digit development is abnormal.
ematoxylin and eosin-stained sections of different stages of digit
-type limb showing chondrocyte differentiation in the metacarpals
ne between these cartilage elements. Also note the presence of the
16.5 wild-type limb. Cartilage differentiation of all the bones of the
orming joints between the cartilage elements. (C) E18.5 wild-type
joint cavity. The cartilage of the proximal phalanx (p1) is beginning
al is differentiating. Distal to the metacarpal the digital ray appears
ense mesenchyme surrounding the phalangeal region (arrowhead,
tinuing to differentiate. Although the digital ray appears not to be
igital ray (arrowheads). (F) E16.5 bp digit. The digital ray distal to
lage development is creating a small cartilage element in place ofts. H
wild
erzo
(B) E
the f
ed a
carp
he d
s con
the d
cartiThe first morphological abnormality observed is a thinning
s of reproduction in any form reserved.
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20 Storm and Kingsleyof the digital ray at E12.5 (data not shown; Gru¨neberg and
Lee, 1973). By E13.5, markers for cartilage differentiation
are abnormally expressed. Although CollagenII is expressed
strongly in the metatarsal region, it remains weak distal to
the metatarsal. In contrast, E13.5 wild-type limbs have
strong CollagenII expression distal to the metatarsal (Fig.
4I, compare to Fig. 4E). Ihh expression is also affected distal
to the metatarsal; expression is not observed in the phalanx
region, although it is expressed in the metatarsal region
(Fig. 4J). By E14.5, severe abnormalities become obvious.
This is apparent by the expression of CollagenII along the
outside of the digital ray in the region of proximal and
medial phalanges, but greatly reduced expression within
the condensation (Fig. 4Q, compare to Fig. 4M).
Histological analysis also reveals abnormalities in cartilage
development. In wild-type limb development, cartilage differ-
entiation of the metatarsals and phalanges and the early stages
of joint development are apparent by E14.5 (Fig. 3A). Also
apparent at E14.5 is a layer of dense mesenchyme along the
circumference of the proximal and medial phalanges (Fig. 3A).
As development proceeds, the cartilage of the metatarsals and
phalanges continues to mature and hypertrophy, and joint
spaces between the cartilage elements become obvious (Figs.
3B and 3C). In E14.5 bp digits, although cartilage is differen-
iating in the metacarpal region, it is not differentiating distal
o the metatarsal (Fig. 3D, compare to Fig. 3A). The cells in
his region instead resemble the undifferentiated mesen-
FIG. 4. GDF5 is required to restrict the expression of joint marke
B, C, D, E, F, G, H, M, N, O, and P) and bp (I, J, K, L, Q, R, S, and
Q), Ihh (B, F, and J), Gdf5 (C, G, K, N, and R), Gli3 (D, H, L, O, an
CollagenII. Note that CollagenII expression is stronger in the proxim
section to (A) hybridized with a probe to Ihh. Ihh is expressed in an
ray (arrow). (C) Adjacent section of E12.5 limb hybridized with a p
but is expressed in a broad domain distal to the metatarsal region
probe to Gli3. Gli3 is expressed more broadly than Gdf5 but is also
indlimb hybridized with a probe to CollagenII. CollagenII is now
arrows) and weaker at the presumptive joint region between (arrow
s expressed in a subset of cells in the metatarsal and proximal ph
df5. Gdf5 is expressed along the metatarsal and the proximal pha
resumptive metatarsophalangeal joint (arrowhead). (H) E13.5 wild
etatarsal in the digital ray becomes more restricted to the presum
CollagenII probe. CollagenII expression is strong in the metatars
ection to (I) hybridized with an Ihh probe. Ihh expression is obse
region distally. (K) Adjacent section to (I) hybridized with a Gdf5
metatarsal (arrow). (L) Adjacent section to (K) of E13.5 bp hindlimb
to the metatarsal remains broad. (M) E14.5 wild-type limb hybridiz
of the limb. In the digits, strong expression is observed in the meta
developing joints of the digits (arrowheads). (N) Section from an E14
is restricted to the developing joints (arrowheads). (O) Adjacent sec
the developing joints of the digits (arrowheads), but little expressio
a probe to Egr1. Expression is detected in a subset of cells in the jo
with a CollagenII probe. CollagenII expression is abnormal distal to
in the digital ray distally. Strong expression is observed surrounding
a Gdf5 probe. Rather than being restricted to the joints (compare to
edial phalanges (arrow). (S) E14.5 bp hindlimb hybridized wit
encompassing the proximal and medial phalanges (arrow). (T) Adja
Egr1 is expanded throughout the region of the proximal and medial pha
Copyright © 1999 by Academic Press. All righthyme present in the initial condensation. Interestingly, the
ense mesenchyme present around the proximal and medial
halanges in wild-type limbs appears normal in bp mice,
espite the regional failure of cartilage development (Figs. 3A
nd 3D). Thus, both the changes in expression of CollagenII
nd Ihh, as well as the changes in histology seen in E14.5
imbs, suggest that there is a regional failure of cartilage
ifferentiation in the digits of bp mice.
Although the cells of the digital ray in the region of the
roximal and medial phalanges do not appear to differenti-
te into cartilage in the normal manner, after E14.5 carti-
age development does occur. Rather than cartilage devel-
ping from the cells of the condensation, cartilage instead
egins to develop from the dense mesenchyme surrounding
he affected region (Fig. 3E). This resembles appositional
artilage growth from the perichondrium, a process which
ccurs during normal cartilage development. This
ppositional-like cartilage development continues, eventu-
lly generating the smaller (and developmentally delayed)
lement seen in the digits of adult bp mice (Fig. 3F).
GDF5 Is Required for the Restriction of Markers
for Joint Development in the Digits of Mouse
Limbs
One prominent domain of Gdf5 expression in the limb is
in the developing joints. The fact that many of the joints
the digit. Sections of limbs from different stages of wild-type (A,
bryos were hybridized with probes to CollagenII (A, E, I, M, and
and Egr1 (P and T). (A) E12.5 hindlimb hybridized with a probe to
etatarsal region of the digital ray (arrow) than distally. (B) Adjacent
ior subset of cells in the proximal (metatarsal) region of the digital
to Gdf5. Gdf5 is expressed along the outside of skeletal elements,
e digital ray (arrow). (D) Adjacent section to (C) hybridized with a
ssed in a broad domain distal to the metatarsal. (E) E13.5 wild-type
essed strongly in the developing metatarsal and proximal phalanx
). (F) E13.5 wild-type hindlimb hybridized with a probe to Ihh. Ihh
es (arrows). (G) Adjacent section to (F) hybridized with a probe to
Within the digital ray, expression is increasingly restricted to the
limb hybridized with a probe to Gli3. Gli3 expression distal to the
e joint (arrowhead). (I) E13.5 bp mutant hindlimb hybridized with
main of the digital ray (arrow), but is weaker distally. (J) Adjacent
in the metatarsal region (arrow), but not in the proximal phalanx
e. Gdf5 expression in the digital ray remains broad distal to the
idized with a probe to Gli3. Gli3 expression in the digital ray distal
ith a CollagenII probe. CollagenII is expressed in all the elements
l and proximal and medial phalanges. Expression is weaker in the
ld-type limb hybridized with a Gdf5 probe. In the digits, expression
to (M) hybridized with a Gli3 probe. There is strong expression in
ected in the cartilage elements. (P) E14.5 bp limb hybridized with
gions of the digits (arrowheads). (Q) E14.5 bp hindlimb hybridized
metatarsal (arrow). Expression is strong in the metatarsal, but weak
ffected region. (R) Section of an E14.5 bp hindlimb hybridized with
expression is expanded throughout the region of the proximal and
probe to Gli3. Expression is expanded distal to the metatarsal,
section to (R) of E14.5 bp hindlimb hybridized with an Egr1 probe.rs in
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21GDF5 in Bone and Joint Formationthat express Gdf5 display phenotypes in brachypodism
mice suggested that GDF5 has a role in normal joint
formation (Storm and Kingsley, 1996). In order to examine
the function of GDF5 during joint development, molecular
markers expressed in the developing joints were examined
in bp homozygous mice. These markers included Gli3 and
arly growth response1 (Egr1). Because the bp3J allele is a
rameshift mutation (Storm et al., 1994) and the Gdf5
ranscript is still expressed, Gdf5 was also used as a marker
n bp3J mutant mice.
In the hindlimbs of wild-type mice, Gdf5 is first expressed
n the digital ray in a domain of approximately 30–35 cell
iameters distal to the developing metatarsal (Fig. 4C). Al-
hough expressed in additional regions of the limb, Gli3
xpression is similar to Gdf5 expression in the digits (Fig. 4D).
ne day later, Gdf5 and Gli3 expression becomes further
estricted to a domain of approximately 15–20 cell diameters
n the region of the presumptive metatarsophalangeal joint
Figs. 4G and 4H). This domain of expression appears to
ecome further restricted at E14.5, where it is clear that Gdf5
nd Gli3 are expressed at the forming metatarsophalangeal
articulation (Figs. 4N and 4O). In addition, Gdf5 and Gli3 are
expressed in the first and second interphalangeal joints (Figs.
4N and 4O, and data not shown).
Changes in expression of Gdf5 and Gli3 in bp mice are
rst observed in E13.5 hindlimbs in which Gdf5 and Gli3
expression remains broad distal to the metatarsal rather
than becoming restricted to the presumptive metatarsopha-
langeal joint (Fig. 4K). This pattern is similar to that
observed in E12.5 wild-type hindlimbs (Figs. 4K and 4L,
compare to Figs. 4C and 4D). At E14.5, the expression of
both Gdf5 and Gli3 is markedly expanded and encompasses
the region of the proximal and medial phalanges in a pattern
that is complementary with CollagenII (Figs. 4R and 4S).
Thus, in the absence of GDF5 function, there is an expan-
sion of Gdf5 and Gli3 expression throughout the region of
the proximal and medial phalanges.
Egr1 was identified as an early response gene in TGFb
signaling (Blok et al., 1995). In E14.5 limbs, it is expressed
in a subset of cells in the developing joints of the digits (Fig.
4P). We found that Egr1 expression is also expanded
throughout the region of the proximal and medial phalanges
in E14.5 bp limbs (Fig. 4T). Interestingly, the expression of
Egr1 remains restricted to a subset of the cells. Thus, three
different markers that are normally expressed in the devel-
oping joints of the digits (Gdf5, Gli3, and Egr1) are expanded
throughout the region of the proximal and medial phalanges
of the bp mutant digital ray.
Exogenous GDF5 Protein Can Rescue the
Molecular Abnormalities Present in the Digits of
brachypodism Mice
To determine whether exogenous GDF5 could rescue the
cartilage development defect in bp mice, we implanted
beads that had been soaked in GDF5 protein and assayed
the cartilage response of bp limbs. As observed in wild-type12.5 hindlimbs, GDF5 beads induced a halo of cartilage in m
Copyright © 1999 by Academic Press. All right00% of the manipulated E12.5 bp hindlimbs (Table 3, Figs.
A and 5C). This response was also accompanied by the
pregulation of CollagenII expression in the region of the
ead (Fig. 5E).
At E13.5, most of the bp hindlimbs responded to GDF5
eads by stimulating adjacent cartilage differentiation
Figs. 5B and 5D, Table 3). This included the upregulation
f CollagenII in the cells of the mutant digital ray
djacent to the bead (Fig. 5F). The bp digital ray at this
tage typically expresses CollagenII at a lower level than
ild type (Figs. 4Q and 5F, other digits), indicating a local
escue of CollagenII expression. In addition, GDF5 pro-
ein added at E13.5 also stimulated the expression of
hh (Fig. 5G). Ihh expression was not observed in the
igital rays that were not adjacent to the bead (Fig. 5G)
r in unmanipulated bp mutant limbs at this stage (Fig.
J, and data not shown). Thus, exogenous GDF5 protein
an stimulate cartilage differentiation and partially re-
tore the expression of both CollagenII and Ihh in bp
utants.
As previously described, a second aspect of the pheno-
ype observed in the digits of brachypodism mice is the
xpansion of markers for joint development throughout
he proximal and medial phalanges. To determine
hether exogenous GDF5 protein could restore the nor-
al patterns of expression of joint markers, we assayed
he expression of Gdf5 and Gli3 following GDF5 bead
mplantation. In both E12.5 and E13.5 hindlimbs, GDF5
eads inhibited the expanded expression of Gdf5 and Gli3
Figs. 5H, 5I, 5J, and 5K). Thus, GDF5 protein is sufficient
o partially rescue the cartilage development phenotype
nd the joint development phenotype observed in bp
TABLE 3
Response of bp Mouse Limbs to GDF5 Protein
Developmental stage Cartilage response
E12.5 hindlimb
BSA 0/6
GDF5 6/6a
E13.5 hindlimb
BSA 0/15
GDF5 13/16b (3/16)a
E13.5 forelimb
GDF5 0/2
Note. bp mutant limbs were dissected and implanted with either
SA- or GDF5 (25 mg/ml)-soaked beads and then allowed to develop
in organ culture.
a Number of limbs with cartilage induced in a halo around the
ead/number of limbs implanted.
b Number of limbs with stimulation of cartilage differentiation
n existing cartilage adjacent to the bead/number of limbs im-
lanted.ice.
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22 Storm and KingsleyDISCUSSION
Since the discovery that mutations in Gdf5 are respon-
sible for the skeletal abnormalities observed in the classical
mouse mutation brachypodism (Storm et al., 1994), addi-
ional insight into the functions of GDF5 has been gained.
utations in the human homolog of Gdf5 (CDMP1) have
een associated with several human skeletal dysplasias
ncluding Hunter Thompson-type acromesomelic chondro-
lasia (Thomas et al., 1996), autosomal dominant brachy-
actyly type C (Polinkovsky et al., 1997), and Grebe-type
chondrodysplasia (Thomas et al., 1997). Furthermore, re-
search utilizing GDF5 protein has shown that it is capable
of inducing cartilage and bone (Ho¨tten et al., 1996; Erlacher
et al., 1998), tendon and ligament (Wolfman et al., 1997),
ngiogenesis (Yamashita et al., 1997), and the promotion of
opaminergic neuron survival in vitro (Krieglstein et al.,
995).
Recently, we reported an analysis of Gdf5 expression
uring limb development and the phenotypic consequences
f mutations in both Gdf5 and Bmp5 (Storm and Kingsley,
996). Based on this analysis, we proposed that GDF5 has
ultiple functions in skeletogenesis: joint development in
he limb and the sternum and cartilage development in the
ternum. Here we have undertaken a detailed analysis of
he effects of GDF5 protein on digit development. We found
hat GDF5 is both necessary and sufficient to stimulate
FIG. 5. GDF5 protein stimulates cartilage development and in-
hibits the misexpression of joint markers. E12.5 (A, C, E, H, and J)
and E13.5 (B, D, F, G, I, and K) bp mutant limbs were implanted
ith beads soaked in GDF5 protein. Beads are denoted by (*). (A)
12.5 bp hindlimb on the day of explant. (B) E13.5 bp hindlimb on
he day of explant. (C) Limb from (A) after culturing for 2 days. A
alo of cartilage is apparent around the bead (arrow). (D) E13.5 bp
indlimb from (B) following 2 days in culture. GDF5 did not
timulate a halo of cartilage development, but did stimulate
ifferentiation of the digital ray close to the bead (arrow). (E)
ection from E12.5 limb seen in (C) hybridized with a probe to
ollagenII. Expression is induced in a halo around the bead (arrow).
F) Section from E13.5 limb seen in (D) hybridized with a Colla-
enII probe. CollagenII expression is not induced in the mesen-
hyme around the bead, but the adjacent digital ray expresses
ollagenII stronger near the bead (arrow) Note that expression is
eak in the adjacent digit not near the bead (arrowhead). (G)
djacent section to (F) hybridized with an Ihh probe. Ihh is induced
n the adjacent cartilage element next to the bead (arrow). Ihh is not
trongly expressed in any of the digits at a distance from the bead.
H) Adjacent section to (E) from E12.5 bp limb, hybridized with a
df5 probe. Gdf5 expression is expanded in the digit (arrowhead),
ut is inhibited in a halo around the bead in the adjacent digit
arrow). (I) Adjacent section to (G) from E13.5 limb, hybridized with
Gdf5 probe. Gdf5 expression is expanded in the digits (arrowhead)
but is inhibited in the digit close to the bead (arrow). (J) Adjacent
section to (H) of E12.5 limb, hybridized with a Gli3 probe. Expres-
sion in reduced around the bead (arrow). (K) Adjacent section to (I)
from E13.5 limb, hybridized with a Gli3 probe. Gli3 expression is
reduced in the digit near the bead (arrow), but not in the adjacent
digit (arrowhead).
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23GDF5 in Bone and Joint Formationcartilage development and to inhibit joint formation in the
proximal and medial phalanges. These results suggest that
GDF5 has multiple roles in skeletal development including
the coordination of cartilage and joint development neces-
sary to generate the pattern of bones and articulations in the
digits.
GDF5 and Cartilage Development
Our analysis of the response of limbs to exogenous GDF5
protein demonstrates that it is able to stimulate cartilage
development in the digits. When GDF5 protein is adminis-
tered to E12.5 mouse hindlimbs, a robust cartilage induc-
tion response is observed. This is accompanied by the
induction of CollagenII and Ihh expression, two molecular
markers for cartilage development (Bitgood and McMahon,
1995; Craig et al., 1987; Sandell, 1994; Vortkamp et al.,
1996). This response is stage-dependent. As the digit devel-
ops further, the interdigital mesenchyme loses its ability to
form cartilage in response to GDF5; however, the adjacent
cartilages in both the chicken and the mouse retain the
ability to respond by stimulating existing cartilage growth
and maturation. As development proceeds, this response is
also lost, indicating that exogenous GDF5 protein only
transiently stimulates cartilage development, growth, and
maturation. Similar stage-dependency has also been ob-
served in TGFb-induced interdigital chondrogenesis (Gan˜an
t al., 1996) and BMP2 and -7 effects on digit development
Macias et al., 1997).
Our analysis also suggests that GDF5 is required for
ormal cartilage development in the digits. It has previ-
usly been suggested that the reduction in the number of
ones observed in brachypodism mice is the consequence
f failure to segment the digital ray by the formation of
oints (Gru¨neberg and Lee, 1973; Hinchliffe and Johnson,
980; Storm and Kingsley, 1996). Closer inspection of the
igit phenotype, however, suggests that in addition to a
ailure to form the first interphalangeal joint, there are
bnormalities in cartilage development which become ap-
arent prior to interphalangeal joint formation. Although
he more proximal (metatarsal) and more distal (distal
halanx) regions of the digital ray differentiate into carti-
age, the midportion (the proximal and medial phalanges)
oes not differentiate normally and shows greatly reduced
xpression of the cartilage markers CollagenII and Ihh.
his indicates a functional requirement for GDF5 in the
egional differentiation of the digital ray condensation. The
bnormalities in cartilage development and molecular
arker expression can be rescued by exogenous GDF5
rotein. Thus, GDF5 is both necessary and able to stimulate
artilage development in the digits.
Interestingly, in the absence of cartilage differentiation
ithin the midportion of the digital ray, cartilage develop-
ent is observed forming from the circumference. It is not
nown whether this represents normal perichondrial appo-
itional cartilage growth or whether this is a secondary
ffect. It appears, however, that this appositional-like car-
ilage development is responsible for the abnormal skeletal T
Copyright © 1999 by Academic Press. All rightlement observed in the digits of adult bp mice. Because
his abnormal element fails to undergo the normal process
f joint formation during digital ray development, there is a
eduction in the number of phalanges in bp mice.
Previous studies have also implicated GDF5 in cartilage
evelopment. Owens and Solursh, prior to the knowledge of
he molecular nature of the brachypodism mutation, specu-
ated that the mutation disrupted a signal required for
ondensation formation and differentiation. This hypoth-
sis was based on observations on the in vitro chondrogenic
behavior of bp mutant limb bud cells (Owens and Solursh,
1982). In addition, analysis of short ear; brachypodism
double-mutant mice indicated that GDF5 has a nonessen-
tial function in sternal cartilage development (Storm and
Kingsley, 1996). Furthermore, purified recombinant GDF5
protein has been reported to trigger formation of cartilage
when implanted subcutaneously in adult animals (Ho¨tten
et al., 1996; Erlacher et al., 1998). Therefore, GDF5 is both
ufficient to trigger cartilage development, in some con-
exts, and required for region-specific cartilage development
n the mouse sternum and digits.
GDF5 and Joint Development
In addition to identifying roles of GDF5 in cartilage
development in the digits, the data reported here indicate
that GDF5 is also involved in restricting the expression of
molecular markers expressed during joint formation to the
appropriate location. When GDF5 is administered to E12.5
and E13.5 mouse hindlimbs, there is a disruption in joint
development (also observed in the chick limb). This disrup-
tion correlates with a downregulation of the joint-
associated expression of Gdf5 and Gli3. Interestingly, this
esponse becomes remarkably specific for the cells of the
resumptive joint; the Gdf5-expressing cells associated
ith the perichondrium do not downregulate expression in
esponse to GDF5 (see Fig. 2T). Recent studies of Noggin-
eficient mice have shown that Gdf5 expression is affected
n many joints, but not in surrounding mesenchyme, con-
rming important differences in the regulation of Gdf5
expression at different spatial locations in the limb (Brunet
et al., 1998). Later in development, GDF5 administration no
longer obviously affects joint marker expression. Because
the timing of this response is very similar to the timing of
the cartilage development/differentiation response, it sug-
gests that cartilage development of the phalanges and joint
formation between the phalanges may be mutually exclu-
sive developmental decisions that are linked by the func-
tion of GDF5.
GDF5 is not only capable of restricting markers expressed
in association with joint development, but is also required
for this restriction. In the absence of GDF5 function, there
is an expansion of markers expressed in the joints of the
digits including Gli3 and Egr1, as well as Gdf5 itself. This
ndicates not only that Gdf5 regulates its own expression in
he digits, but that the phenotype in bp digits may in fact be
artially the consequence of expanded joint development.
he expansion of the markers can be partially restored by
s of reproduction in any form reserved.
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24 Storm and Kingsleythe addition of GDF5, further supporting its role in restrict-
ing joint development to the appropriate location.
Based on the expression analysis, the loss-of-function
data, and the effects of ectopic protein, we propose that
GDF5 has multiple roles in skeletal development in the
digits: an early function in cartilage development and joint
patterning and a later function involved in joint formation
(Fig. 6). Gdf5 is initially expressed broadly in the digital ray
ondensation in the region of the phalanges and later
ecomes restricted to the metatarsophalangeal joint. We
ropose that this early expression stimulates cartilage de-
elopment of the phalanges and restricts joint formation to
he appropriate location. This is based on the observations
hat, in the absence of GDF5 function, there is a regional
ailure to differentiate cartilage coupled with an expansion
n the expression of several markers associated with joint
evelopment. The time of appearance of the loss-of-
unction phenotype in the digits and the stage-dependent
ffects of ectopic protein are consistent with this hypoth-
sis.
Later in development, Gdf5 is strongly expressed in all of
he developing joints of the digits (as well as the joints of
he rest of the limb). Although we do not understand why
DF5 does not stimulate cartilage development or down-
egulate its expression within developing joints, the strik-
ng expression pattern, coupled with the abnormal joint
evelopment in other areas of bp mice, suggests that GDF5
as an additional function in joint development. This
unction may involve the regulation of programmed cell
eath during cavitation, the proliferation and differentia-
ion of cartilage at the growth plates and articular surfaces,
FIG. 6. Multiple functions for GDF5 during cartilage and joint
development. In early digital precursors the expression of GDF5 is
initially broader than observed at later stages. This early expression
both stimulates cartilage development and is required for restrict-
ing the expression of GDF5 and other joint markers to a narrow
stripe between developing cartilage elements. At later stages,
GDF5 expression continues to be restricted to the joint region.
Based on phenotypes of mouse and human GDF5 mutants, and
effects of exogenous protein, this later GDF5 expression may
function in cell death, segmentation of skeletal precursors, articu-
lar cartilage differentiation, tendon and ligament development, or
growth of adjacent skeletal elements.r the development of joint-associated structures such as m
Copyright © 1999 by Academic Press. All rightendons and ligaments. Several phenotypes in brachypo-
ism mice provide genetic support for each of these func-
ions, including fusions between carpal and tarsal bones in
he wrist and ankle (Gru¨neberg and Lee, 1973, Storm and
ingsley 1996), changes in the morphology of articulating
urfaces in the knee and hip (Gru¨neberg and Lee, 1973),
hanges in the differentiation of menisci within the knee
oint (Storm and Kingsley, 1996), ectopic mineralization in
ternal–costal joints (Storm and Kingsley, 1996), reduced
roliferation rates of cartilage cells in the growth plates of
ome long bones (Nakamura et al., 1984), and both gain and
loss of specific tendons within the limb (Gru¨neberg and Lee,
1973). Just as other members of the BMP family have
multiple functions at different times and locations during
development, GDF5 may have several different functions at
different times and locations in the developing skeleton.
Regulation of Cartilage versus Joint Formation
Similar exogenous protein studies in the chick limb have
been performed for BMP7 (Macias et al., 1997). Like GDF5
protein, BMP7 protein implanted in the interdigital region
stimulates a stage-dependent growth of adjacent cartilages
toward the bead and a concomitant change in Ihh expres-
sion, as well as an interruption of joint development and
downregulation of the joint expression of ck-erg (Macias et
al., 1997). Bmp7 is expressed interdigitally early and later
ecomes restricted to the perichondrium of the cartilage
lements, but not the perichondrium adjacent to developing
oints (Macias et al., 1997). This led to the hypothesis that
oints in the digits develop where there is an absence of
artilage-inducing signals such as Bmp7 (Macias et al.,
1997). Spatial and temporal transcriptional regulation of
cartilage-inducing molecules such as Bmp7 may indeed
play a role in determining the location of joint development
in the skeleton. Mice with mutations in Bmp7, however,
show normal development of most bones and joints (Dud-
ley et al., 1995; Luo et al., 1995), indicating that additional
olecules must be involved.
In contrast to Bmp7, which has not been reported to be
xpressed in either the developing condensation or the
eveloping joints, Gdf5 is expressed both surrounding the
igital ray and prominently in the developing joints (Storm
t al., 1994; Chang et al., 1994; Storm and Kingsley, 1996;
olfman et al., 1997). It is not clear why the strong Gdf5
xpression that is present in the joint region does not result
n the stimulation of cartilage and the downregulation of
oint marker expression (including itself), as the stage-
ependent response to exogenous GDF5 protein reported
ere would suggest. Our analysis on the gain and loss of
df5 function in the digits, however, does suggest that joint
evelopment may be determined by the modulation of the
ctivities of proteins such as GDF5 and not solely by the
bsence of cartilage-inducing molecules such as Bmp7.
Several different mechanisms could modulate the re-
ponse to GDF5 in the joint region, including the concen-
ration of ligand, the formation of heterodimers with other
embers of the BMP family, differential expression of
s of reproduction in any form reserved.
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25GDF5 in Bone and Joint Formationreceptors and signal transduction components, and the
presence of antagonists of the BMP signaling pathway.
Clear precedents exist for each of these mechanisms. For
example, ectopic tendon and ligament (Wolfman et al.,
1997), ectopic cartilage and bone (Erlacher et al., 1998;
Ho¨tten et al., 1996), and angiogenesis (Yamashita et al.,
997) have all been reported using different amounts of
DF5, raising the possibility that different concentrations
f the protein may produce different biological responses. In
ddition, Bmp2, like Gdf5, is expressed in developing joints
(Macias et al., 1997; Rosen et al., 1996; Yamaji et al., 1994)
and BMP2 beads implanted into developing digits result in
expanded joint development (Macias et al., 1997), suggest-
ing that GDF5 and BMP2 may interact in the developing
joint region, forming heterodimers that differ in activity
from GDF5 homodimers. Furthermore, differences in the
expression of BMP receptors or signal transduction compo-
nents, as well as the presence of BMP signaling antagonists,
could explain the different responses of perichondrial ver-
sus joint cells to exogenous GDF5 protein (Fig. 4T) or the
changes in GDF5 responsiveness at different developmental
stages (Heldin et al., 1997; Massague, 1996; Piccolo et al.,
1996; Zimmerman et al., 1996; Zou et al., 1997). Recent
studies have shown that loss of the BMP antagonist Noggin
has a profound effect on cartilage development, Gdf5 ex-
ression in joints, and joint formation, confirming an im-
ortant role for BMP antagonists in coordinating bone and
oint formation (Brunet et al., 1998). Further studies are
required to determine what other mechanisms contribute
to the different roles of GDF5 in the developing skeleton.
A functional skeletal system is created by many different
processes, including cartilage induction, growth and matu-
ration, ossification, angiogenesis, joint formation, and ten-
don development. Just as other members of the BMP family
have multiple functions at different times and locations
during development, GDF5 also appears to have different
roles at different times and locations in the developing
skeleton. Further study of these roles should provide new
insights into the coordinated development of cartilage,
bones, and joints and increase the understanding of the
developmental abnormalities associated with mutations in
human and mouse Gdf5.
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